Krabbe disease is a devastating pediatric leukodystrophy caused by mutations in the galactocerebrosidase (GALC) gene. A significant subset of the infantile form of the disease is due to missense mutations that result in aberrant protein production. The currently used mouse model, twitcher, has a nonsense mutation not found in Krabbe patients, although it is similar to the human 30 kb deletion in abrogating GALC expression. Here, we identify a spontaneous mutation in GALC, GALC twi-5J , that precisely matches the E130K missense mutation in patients with infantile Krabbe disease. GALC twi-5J homozygotes show loss of enzymatic activity despite normal levels of precursor protein, and manifest a more severe phenotype than twitcher, with half the life span. Although neuropathological hallmarks such as gliosis, globoid cells and psychosine accumulation are present throughout the nervous system, the CNS does not manifest significant demyelination. In contrast, the PNS is severely hypomyelinated and lacks large diameter axons, suggesting primary dysmyelination, rather than a demyelinating process. Our data indicate that early demise is due to mechanisms other than myelin loss and support an important role for neuroinflammation in Krabbe disease progression. Furthermore, our results argue against a causative relationship between psychosine accumulation, white matter loss and gliosis.
INTRODUCTION
Krabbe disease, also known as globoid cell leukodystrophy (GLD), is a rare, autosomal recessive disorder caused by mutations in the gene coding for the lysosomal enzyme galactocerebrosidase (GALC). GALC is responsible for catabolism of galactocerebroside; enzymatic deficiency results in accumulation of the metabolite psychosine, which is proposed to be cytotoxic to oligodendrocytes, the myelin-producing cells of the central nervous system (CNS) (1, 2) . Schwann cells, the myelinforming cells of the peripheral nervous system (PNS), may degenerate in the presence of psychosine in vivo and their ability to form or turn over myelin is hindered by GALC enzymatic deficiency (3, 4) . A common mutant allele, found in 35-50% of Krabbe patients of European ancestry, is a 30 kb deletion (502T/del) of GALC (5, 6) ; the majority of other GALC alleles associated with Krabbe disease are missense mutations that occur outside of the enzymatic domain (7 -9) and cause loss of enzymatic activity that may be attributable to abnormal protein processing, localization or degradation (10) . Classical pathological features of the infantile form of the disease include variable loss of peripheral or central myelin, axonal degeneration, presence of globoid cells and gliosis of the cerebrum and white matter (11) . Approximately 90% of patients present with the infantile form of the disease and generally die by 2 years of age (11) . Treatment for Krabbe disease is symptomatic and supportive. There is presently no cure and hematopoietic stem-cell transplantation therapy is of limited benefit (12) . The use of animal models is therefore crucial for enhanced understanding of disease mechanisms as well as developing new therapeutic approaches for Krabbe disease.
Currently, the most widely used mouse model of Krabbe disease is the twitcher strain. The twitcher (Galc twi ) mutation arose spontaneously at The Jackson Laboratory (JAX) in 1976, and results in nonsense-mediated mRNA decay of the truncated Galc transcript and elimination of GALC protein expression (13, 14) . Twitcher mice have phenotypic features such as hindlimb weakness and weight loss, and histopathological signs, including nervous system gliosis, myelin loss and macrophage accumulation, akin to human Krabbe disease (15, 16) . However, disease progression in twitcher is relatively slow with death after 6 weeks. Furthermore, while a subset of infantile Krabbe patients have nonsense mutations in GALC, the twitcher mutation is not present in human patients (5) . Nevertheless, twitcher is used as a surrogate model of the common 502T/del mutant allele, as both alleles exhibit loss of GALC protein expression. An engineered transgenic mouse strain, GALC trs , contains a targeted mutation in GALC and presents with a milder phenotype due to aberrant splicing, thus inadequately modeling early-onset Krabbe disease (17) .
In this report, we identify and describe a spontaneous missense mutation in mouse Galc (Galc twi-5J ) that is identical to a mutation present in a subset of patients with infantile Krabbe disease. We characterize the expression of mutant GALC in the mouse nervous system and show that the missense mutation abolishes enzymatic activity without loss of GALC precursor protein expression. Mice homozygous for Galc twi-5J (hereafter referred to as twi-5J) exhibit neuropathological hallmarks representative of infantile Krabbe disease including globoid cell and psychosine accumulation, and manifest a more severe phenotype than twitcher with death during the fourth post-natal week. Surprisingly, we find that CNS regions with the highest psychosine levels show no detectable evidence of dysmyelination or axonal loss, suggesting that psychosine accumulation does not necessarily or directly lead to myelin loss. Furthermore, twi-5J exhibit profound PNS hypomyelination in association with marked loss of large caliber axons, indicating a primary axonopathy rather than demyelinating process.
Our data demonstrate that twi-5J represent a class of Krabbe patients with missense alleles and indicate twi-5J are an important addition to the twitcher mouse model in understanding the pathogenesis of Krabbe disease.
RESULTS

Identification of a new mutation in Galc resulting in severe early-onset phenotype
Twitcher do not show any obvious clinical manifestations during the first 3 weeks after birth, but subsequently exhibit neurological symptoms, including ataxia, tremulousness and hindlimb paralysis. We identified a new mutant with a phenotype similar to twitcher that arose spontaneously in The Jackson Laboratory Production colony of strain BXD32/TyJ. Mice homozygous for the new mutation manifest generalized tremors and a smaller body size after 2 weeks of age. They exhibit weakness, stunted weight gain and die sooner than twitcher with a median survival of 23.5 days (n ¼ 22 twi-5J, Fig. 1A and B) compared with 43 days for twitcher (4, 15) .
Identification of missense mutation in Galc for twi-5J
To investigate the mechanism by which GALC is disrupted, we sought to identify the genetic mutation in the Galc gene. We sequenced all exons of Galc from two mutant and three unaffected littermates, and identified one non-synonymous change in exon 4, a guanine-to-adenine substitution at position 388 (G388A) (Supplementary Material, Fig. S1 ). This mutation is the fifth to occur at JAX in Galc and the allele was named twi-5J.
We developed a single nucleotide specific PCR assay to identify the allele before the onset of symptoms. Of 22 mutants identified based on phenotypic symptoms, all were homozygous for the 388A substitution, while animals without this phenotype were always wild-type or heterozygotes (Fig. 1C) . To test whether this substitution could be a strain-specific singlenucleotide polymorphism, we performed PCR genotyping on additional strains of mice, including CD-1, C57BL/6J and 129X1/SvJ. All strains of mice have the G allele, strongly twi-5J mice weighed significantly less than heterozygotes for GALC twi-5J and wild-type mice after P20. * P , 0.01. (C) Mice homozygous for 388A are twi-5J. Genotype analysis using allele-specific PCR to GALC nucleotide 388 compared with phenotype. Wild-type (G/G) and heterozygous (G/A) mice are unaffected, while all homozygous (A/A) mice show neurological symptoms and are phenotypic twi-5J.
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Human Molecular Genetics, 2013, Vol. 22, No. 17 indicating that the 388A nucleotide substitution is specific for the twi-5J mutant (data not shown). Galc has two potential start ATG codons; we use current mutation nomenclature guidelines (http://www.hgvs.org/mutnom en), assigning the A of the first ATG translational initiation codon as nucleotide +1 when describing this mutation. The nucleotide change causes a missense mutation in which glutamic acid at amino acid position 130 is converted to a lysine (E130K) outside the catalytic domain of GALC. Notably, the E130K missense mutation has been identified in patients with the infantile form of Krabbe disease (8) . A comparison of the GALC amino acid sequence across vertebrate species at position 130 indicates that the glutamic acid is 100% conserved. Indeed, amino acids 122 -142 are identical across all vertebrate species examined, indicating strict evolutionary conservation of this motif and suggesting an important role in protein function.
The E130K mutation causes loss of GALC enzymatic activity
To test if the E130K substitution affects the enzymatic activity of GALC, we generated expression constructs for wild-type GALC and GALC E130K . The expression constructs were transfected into COS-7 cells and GALC activity was detected using a GALC histochemical assay (18) . Wild-type GALC and GALC E130K showed similar distribution within transfected COS-7 cells but only GALC exhibited strong enzymatic activity ( Fig. 2A -D) . To quantify changes in enzymatic activity, we measured GALC enzymatic activity from whole cell extracts using a modified X-gal assay as previously described (Fig. 2E ) (19) . Non-transfected cells exhibited very low levels of enzymatic activity. Extracts from GALC-transfected cells exhibited a substantial level of enzymatic activity, roughly 415 times greater than mock-transfected cells (P , 0.001, n ¼ 3) while enzymatic activity measured from GALC E130K expressing cells was ,1% of wild-type GALC ( 0.58% of wild-type activity, P , 0.001, n ¼ 3). Activity levels between GALC E130K -transfected cells and mock-transfected cells were not significantly different (P . 0.05). Furthermore, whole brain extracts from twi-5J exhibited significantly lower GALC enzymatic activity than wild-type mice, with a .7-fold decrease down to the detection sensitivity of assay (P , 0.001, n ¼ 3) (Fig. 2F ). Taken together, these data indicate that the E130K substitution in GALC abolishes its enzymatic activity in vivo. Scale bar in A, C ¼ 50 mm. (E) GALC activity (nmols/min) was measured from 15 mg of COS-7 cells extracts transfected with expression constructs for wild-type GALC or GALC E130K . Controls are mock-transfected cells. (E) GALC activity (nmols/min) measured from 15 mg of whole brain extracts from WT and twi-5J. Activity is presented as mean + SD. (G) Western blot analysis using an affinity purified GALC antibody on extracts from wild-type (wt) and twi-5J collected from cortex (CTX), spinal cord (SpC) and sciatic nerve (ScN). Expression of 80, 50 and 30 kDa GALC bands are equivalent in cortical extracts between wild-type and twi-5J (P . 0.05). In contrast, a 45 kDa band is absent in extracts collected from mutant spinal cord and sciatic nerve compared with wild-type controls (P , 0.001) (arrow). The 80 kDa GALC precursor (black arrowheads) is present in all tissues. White arrowheads point to GALC species differentially regulated between tissues. Blots were re-probed using a beta-actin antibody to control for protein loading. Apparent molecular mass is indicated on the left. Extracts from three independent wild-type and twi-5J animals were analyzed with equivalent results; a representative immunoblot is shown.
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GALC expression differs between regions of the mouse nervous system and is distinctly affected in twi-5J
To examine the effect of the E130K mutation on GALC protein expression, we performed immunoblots on extracts collected from cortex, spinal cord and sciatic nerve of wild-type and twi-5J using an affinity purified GALC antibody (Fig. 2G ) (10) . GALC is expressed as a 80 kDa precursor that is processed in lysosomes into two fragments, 50 kDa N-terminal and 30 kDa C-terminal fragments. GALC enzymatic activity in vitro has been correlated with the expression of the 80 kDa precursor, and the processed isoforms are predicted to stabilize the 80 kDa protein (20, 21) . Western blot analysis revealed that various species of GALC are differentially detectable throughout the nervous system, suggesting region-specific posttranslational modifications, such as glycosylation or phosphorylation, could further vary the apparent molecular mass of the GALC isoforms. A doublet band around 80 kDa was detected in both the CNS and PNS, while 50 and 30 kDa bands were detected in cortex and spinal cord, but not sciatic nerve. A band 170 kDa was detected in spinal cord, but not cortex or sciatic nerve; this larger band may be a dimer or larger aggregate of the GALC precursor (10) . In general, GALC was expressed at lower levels in the sciatic nerve compared with the cortex and spinal cord. Notably, the expression of the 80 kDa band in all tissues and the 50 and 30 kDa bands in the cortex and spinal cord were equivalent between wild-type and twi-5J extracts (n ¼ 3 pairs; P . 0.05). Interestingly, we observed a 45 kDa band in wild-type spinal cord, brainstem and sciatic nerve extracts, which was absent from twi-5J. This isoform was not detectable in the cortex, but was present outside the nervous system in the wild-type (Supplementary Material, Fig. S2 ). These data indicate that GALC expression varies between nervous system regions, which previously has not been described, and the 45 kDa species of GALC is greatly diminished in the spinal cord, sciatic nerve and brainstem of twi-5J. Since there is no significant difference in GALC expression between control and twi-5J in the cortex, the loss of enzymatic activity detected in twi-5J is likely due to a functional defect in GALC and not to low levels of the protein.
Twi-5J have significant globoid cell accumulation and gliosis in the CNS, but limited myelin loss Globoid cell accumulation and astrocytic gliosis are hallmarks of GALC deficiency and Krabbe disease (22, 23) . We detected early signs of reactive astrocytosis and few Iba-1-expressing macrophages in the forebrain and spinal cord in twi-5J at P15 (Supplementary Material, Fig. S3 ). By 3 weeks of age, there was extensive gliosis in the forebrain and brainstem, with reactive GFAP-expressing astrocytes evident in the cortex, septum and corpus callosum ( Fig. 3A and B and data not shown). Reactive astrocytes were also evident within the pyramidal tracts, cuneate fasciculus and dorsal white matter of the spinal cord, and were especially prominent at the dorsal root entry and ventral root exit zones ( Fig. 4B-E) . The presence of reactive astrocytes in the CNS at terminal timepoints was accompanied by marked globoid cell infiltration, as revealed by Iba-1 immunohistochemistry (Figs 3C and D and 4F -I). Further examination of the inflammatory response in the CNS at both early and terminal stages of the disease revealed significant up-regulation of LIF and IL-1b gene expression throughout the CNS at P25, but not at P15, in the cortex, brainstem and spinal cord of twi-5J compared with wild-type (Fig. 5A ). Interestingly, changes in LIF levels exceeded IL-1b in the CNS, and this cytokine was dramatically up-regulated, 100 fold, in the cortex of twi-5J.
It has been postulated that globoid cell accumulation is coincident with demyelination as macrophages remove myelin debris, although the mechanism of macrophage recruitment is still unresolved (23, 24) . We sought to determine if CNS myelin loss accompanies the robust inflammatory response we observed in twi-5J animals by examining the immunohistochemical pattern of myelin basic protein (MBP) expression as well as levels of MBP isoforms in the forebrain, brainstem, cerebellum and spinal cord at P15 and P25 (Figs 3E -H and 4J -L and Supplementary Material, Fig. S3) . Surprisingly, MBP immuno-staining appears comparable to wild-type in these structures not only at disease onset but also in terminal animals, despite neurological symptoms and impending death. However, we were able to detect significant reductions in cortical levels of all MBP isoforms by P25, whereas there was no difference in other regions of the CNS nor at earlier timepoints ( Fig. 6A -C, Supplementary Material, Fig. S4 ). Thus, in contrast to twitcher mice that lack GALC expression, significant CNS demyelination is not evident in twi-5J despite a marked inflammatory response.
Ultrastructural analysis reveals axonal abnormalities without evidence of demyelinating process in the CNS
To examine morphology and myelination in twi-5J at the ultrastructural level, we compared the corpus callosum and spinal cord of twi-5J and wild-type by electron microscopy at P25 ( Fig. 7A -F ). In the corpus callosum, we analyzed the distribution of axon diameter, as well as the g-ratio (ratio of the axon diameter to myelinated axon diameter) and percentage of unmyelinated axons among medium (330-650 mm) and large (.650 nm) diameter axons. Normally, small (,330 nm) diameter axons are unmyelinated, which was the case in both wildtype and twi-5J. We observed a redistribution of axon size in the twi5-J when compared with wild-type, with a shift toward predominantly medium-sized axons and nearly a 20% reduction in the number of large diameter axons from 43.2 + 1.4 to 36.2 + 1.1% of the total axon population (P , 0.05) (Fig. 8A) . Furthermore, a subgroup of medium diameter axons ,400 nm have a lower g-ratio in twi-5J compared with wild-type, suggesting they are hypermyelinated (P , 0.03). Quantification of unmyelinated medium and large diameter axons revealed a higher, albeit still relatively small proportion of unmyelinated axons .330 nm in the twi-5J compared with the wild-type, 7.3 + 1.7 versus 4.0 + 1.1%, respectively (P , 0.05). Nevertheless, the higher proportion of unmyelinated axons in combination with the loss of large, normally heavily myelinated axons in twi-5J could account for the reduction in the MBP protein levels observed in the forebrain. In the spinal cord, the percentage of unmyelinated medium and large axons in the twi-5J was not statistically different compared with controls (5.1 + 0.9 versus 3.4 + 0.8%; P ¼ 0.07). Likewise, there was no difference in axonal numbers or reduction in large diameter axons in the 3400
Human Molecular Genetics, 2013, Vol. 22, No. 17 spinal cord (Fig. 8B) , consistent with the normal levels of MBP expression we found in this region. However, electron-light regions were detected that could represent the earliest signs of axon loss (asterisk and white arrowhead in Fig. 7E and F, respectively.) Additionally, our EM analysis revealed lipid inclusions within axons of twi-5J in both the forebrain and spinal cord that were not observed in wild-type animals (i.e. Fig. 7C ). Significantly, we did not see overt manifestations of demyelination such as shedding of myelin sheaths, or cytoplasmic changes indicative of degenerating oligodendrocytes, such as clumped nuclear chromatin, dispersed ribosomes, altered endoplasmic reticulum or increased numbers of microtubules, which are present in the twitcher spinal cord (25) .
Hypomyelination and axonal loss is severe in the PNS
Peripheral neuropathy is an important feature of Krabbe disease (3, 15, 26) . We used MBP expression, toluidine blue staining and EM to assess differences in myelination in the sciatic nerve between controls and twi-5J (Fig. 9 ). At P7, the size and structure of the twi-5J sciatic nerve assessed with toluidine blue staining was comparable to the wild-type. However, electron microscopy . These findings were accompanied by a shift in the composition of the myelinated axonal population toward smaller-diameter axons when compared with the wildtype, with a mean axonal diameter of 2151 versus 2471 nm, respectively (P , 0.0001). Concurrent normalization of g-ratios and MBP protein levels suggested axonal atrophy rather than myelin loss (Supplementary Material, Figs S4E and 5D). We did note an increase in the 17 kDa isoform as previously described in the twitcher sciatic nerve (27) . At the terminal stage of the disease (P23 -P25), histological analysis demonstrated extensive hypomyelination in association with a 22 + 2.3% decrease in axonal number that was attributable to a striking reduction among large diameter axons ( Fig. 9E and F) . Electron microscopy confirmed significant abnormalities in axons and myelination in twi-5J sciatic nerve around the time of demise (Fig. 9I -K) . We observed redistribution in axon diameter with a profound loss of large diameter (.4000 nm) axons, along with their associated myelin sheaths (Fig. 8C) . The wild-type sciatic nerve comprises 16% small, 62% medium, and 22% large diameter axons. In contrast, large diameter axons accounting for only 4% of the total axonal population in the twi-5J sciatic nerve, with small and medium diameter axons comprising 40 and 56%, respectively. The observed .80% loss among large diameter axons in twi-5J sciatic nerve correlated with the reduction in total axon number as assessed with toluidine blue. The overall decrease in myelinated axon caliber in twi-5J sciatic nerve was also reflected in a smaller mean diameter of 2344 vs. 3214 nm in the wild-type (P , 0.0001).
The remaining small (900-2000 nm) and medium (2000-4000 nm) caliber axons in the sciatic nerve showed perturbations in myelination. 7.2 + 1.9 vs. 3.5 + 0.6% of small diameter axons (P , 0.05) and 13.0 + 1.06 vs. 4.7 + 0.9% of medium diameter axons (P , 0.01) were hypomyelinated (g-ratio . 0.75) in the twi-5J vs. wild-type, respectively. Interestingly, a small and approximately equal percentage of the small and medium caliber axons had excess myelin wraps in relation to their size (g-ratio , 0.55) in the twi-5J compared with wild-type (Fig. 8C) . The number of unmyelinated axons ,900 nm was not significantly different between the twi-5J and wild-type and accounted for only 2% of the total axon population in the sciatic nerve.
The pathological changes in P25 twi-5J sciatic nerve were accompanied by worsening edema and inflammatory infiltrate, and progressive rise in IL-1b levels ( Figs 5B and 9E -H) . Interestingly, although we observed a gradual increase in LIF, it did not reach statistical significance even at P25 (Fig. 5B) . Lipid inclusions were identified frequently in macrophages and more rarely within Schwann cells (Fig. 9J and K) . We also noted slight perturbations in the Remak bundles, which appeared less compact in twi-5J than in the wild-type. The basal lamina of both myelinating and non-myelinating Schwann cells did not appear altered in twi-5J.
Psychosine concentrations are increased in twi-5J
The accumulation of psychosine (galactosylsphingosine), a byproduct of GALC-enzymatic deficiency, is characteristic of Krabbe disease. Psychosine has been postulated to cause dysfunction of the nervous system through multiple mechanisms that are now beginning to be elucidated. Psychosine can trigger accumulation of macrophages, apoptosis, axonal degeneration via inhibition of lipid raft endocytosis, and may interfere with axon-glia signaling (28) (29) (30) . As a neurotoxin, psychosine has been proposed to cause oligodendroglial cell death and demyelination. To test whether there was a correlation between psychosine accumulation and the neuropathological changes we observed in twi-5J, we measured the concentration of psychosine in cortex, brainstem, spinal cord and sciatic nerve samples of twi-5J and wild-type controls (Fig. 10) . Psychosine concentrations were minimally increased in twi-5J at P15, but significantly elevated by P23 in both CNS and PNS (Fig. 10A  and C) . The highest levels of psychosine in twi-5J were measured In the sciatic nerve, IL1-b expression is significantly elevated and progressively increases starting at P7, while LIF expression is not increased in twi-5J compared with wild-type.
* P , 0.05; * * P , 0.01; * * * P , 0.005.
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in the brainstem and spinal cord, where we observed gliosis and inflammatory cell infiltrates, but little disruption to axons or myelin. In contrast, psychosine levels were far lower in the forebrain and sciatic nerve, which manifested marked abnormalities in axons and myelin. Thus, psychosine levels in twi-5J do not correlate with nervous system regions exhibiting disturbances in myelination and axonopathy. Psychosine measurements in twitcher animals of comparable age (but different background strain) revealed 1.5 -4-fold higher concentrations of this metabolite compared with twi-5J. Interestingly, the pattern of nervous tissue-specific psychosine accumulation in twitcher was similar to twi-5J, with the exception of the spinal cord which had relatively modest elevation compared with twitcher brainstem (Fig. 10B ).
DISCUSSION
We have identified a missense mutation in mouse GALC, E130K, that causes a severe form of PNS dysmyelination and Figure 6 . Expression of MBP isoforms is significantly decreased in twi-5J. Protein samples from three post-natal day 25 wild-type and twi-5J animals were separated by SDS-PAGE and examined for MBP expression by immunoblot analysis. MBP isoform expression was significantly decreased in the cortex (A) and sciatic nerve (D) of twi-5J. MBP expression within the brainstem and spinal cord were not significantly different. Each band is quantified relative to beta-actin expression and presented in arbitrary units. Data is plotted on the right as mean + SD. * * * * P , 0.0001; * * * P , 0.001; * * P , 0.01.
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Human Molecular Genetics, 2013, Vol. 22, No. 17 axonal loss, and demise during the fourth post-natal week. Twi-5J exhibit gliosis, globoid cells and psychosine accumulation without extensive perturbations in CNS myelination. A thorough comparison of twi-5J with twitcher based upon published studies is summarized in Figure 11 . Unlike twitcher mice that contain a nonsense mutation that results in the loss of GALC protein, this missense mutation permits expression of a GALC precursor protein that is functionally impaired, resembling 25-45% of mutations found in Krabbe patients (7 -9). Importantly, the twi-5J mutation has been identified in human patients with the infantile form of Krabbe disease (7, 8) , indicating that twi-5J is currently the only genetically authentic model of infantile Krabbe disease (9, 31) . In patients with the E130K substitution, GALC enzymatic activity was reported to be between 0 and 0.71% of average control values, similar to our findings in twi-5J. These patients exhibited disease onset by 5 months of age with death as early as 7 months (Mirella Filocamo, personal communication). The present findings included psychomotor arrest, hyperirritability, muscular hypotonia and decreased peripheral nerve conduction velocities (NCV) (8, 32) . Importantly, motor NCV were decreased in the upper and lower limbs, and sensory NCV were not detectable, indicative of severe PNS involvement (Mirella Filocamo, personal communication) (32) . CNS hypomyelination was not reported among the MRI findings seen in these patients (8) .
While the mechanism of how the E130K mutation affects GALC activity remains to be determined, studies of GALC missense mutations might offer insight. Three missense mutation, I1234T, D528N and L629R exhibit low enzymatic activity when exogenously expressed in a human CNS-derived cell line (10) . All three mutations cause misprocessing of the GALC protein, impair lysosomal localization of the enzyme, and affect either the secretion or uptake of GALC protein. A therapeutic approach to treat lysosomal storage diseases involves using enzymatic inhibitors as ligands to protect newly synthesized, misfolded polypeptides from degradation. A weak inhibitor of GALC, a-lobeline, was shown to increase GALC activity of cells overexpressing the D528N mutation (10) . Encouragingly, a recent structural analysis of GALC indicates the E130K mutation present in twi-5J may cause severe misfolding (33) such that similar types of small molecule pharmacological chaperones could improve GALC E130K activity and increase survival of twi-5J (10,34).
The mechanisms underlying nervous system pathology in Krabbe disease are still not completely understood. The 'psychosine hypothesis' proposed nearly 40 years ago to explain myelin loss observed in Krabbe disease suggested that psychosine, which accumulates due to GALC enzymatic deficiency, is responsible for rapid death of oligodendrocytes and demyelination (35, 36) . Psychosine accumulation is present in all twitcher animal models and is cytotoxic when applied in vitro or injected in vivo (37) (38) (39) . Notably, the concentration of psychosine necessary to elicit a response in these studies is several orders of magnitude greater than documented in vivo, and a causative relationship between psychosine elevation and oligodendrocyte death has not been unequivocally established. Circumstantial evidence that high levels of psychosine in the spinal cord and brainstem of twitcher correlate with regions most severely affected by the disease has been provided as in vivo evidence for the psychosine hypothesis (40) . Our analysis reveals the remarkable finding that these regions of twi-5J CNS also manifest the highest psychosine concentrations, yet lack significant injury . In contrast, these pathological changes are present in regions with relatively low psychosine elevations. For example, axonal pathology and dysmyelination are apparent in the P15 twi-5J sciatic nerve with levels of psychosine similar to non-pathological concentrations present in wild-type samples at P25 ( 0.86 versus 2 -3 pmol/mg protein). Extensive dysmyelination and axonal loss is present in the twi-5J sciatic nerve by P25, yet psychosine levels are substantially lower than measured or reported for twitcher at a comparable age ( 46 versus 158 pmol/mg protein) (41) , underscoring the finding that axonal and myelin pathology do not correlate with tissue psychosine levels. This is consistent with the observation that psychosine is unable to induce Schwann cell death in twitcher animals in vivo (3, 42) . Like twitcher and twi-5J, infantile Krabbe patients exhibit higher levels of psychosine accumulation in the brainstem and spinal cord compared with the cortex (1, 43) . However, in contrast to twi-5J and twitcher, autopsy reports indicate psychosine levels in the human PNS may be higher than in CNS (43) . These reports suggest differential psychosine accumulation between the mouse and human nervous system, and further implies that psychosine concentrations do not adequately predict regions of greatest dysfunction. Furthermore, these data raise the possibility that psychosine or other metabolites of GALC disruption could differentially influence Schwann and oligodendrocyte function. Taken together, our results challenge the psychosine hypothesis and suggest that yet unknown mechanisms are responsible for axonal injury and eventual myelin loss. Our data further argue that widespread CNS demyelination is not the principal or most critical mechanism in the pathogenesis or early death in some forms of infantile Krabbe disease. Indeed, peripheral neuropathy is among the presenting manifestations in the most severe forms of Krabbe disease (44) . Similarly, the earliest pathological changes in twi-5J appear in the sciatic nerve at P7 and preferentially affect large caliber axons, progressing to severe axonal and myelin loss at terminal stages of the disease. The reduction in myelin in twi-5J sciatic nerve is associated with, and likely a consequence of, the preferential loss of large caliber, heavily myelinated axons. Consistent with these findings, recent studies in the twitcher also show axonal pathology at P7, a week prior to initial signs of demyelination, suggesting that Schwann cell dysfunction and myelin loss could be secondary to axonal injury in the pathogenesis of Krabbe disease (28, 29) . However, there is conflicting evidence as to axonal loss in the twitcher sciatic nerve, but it appears to be a relatively late outcome confined to the peroneal nerve (3, 4, 41, 45) .
We predict that axonal and myelin loss observed in the twi-5J sciatic nerve likely reflect widespread axonopathy and hypomyelination throughout the peripheral nervous system, including the enteric and autonomic nerves that could account for the early lethality of twi-5J at 23 days. In support of this hypothesis, we observed cranial nerve edema and sudden death in twi-5J animals suggestive of autonomic dysregulation such as an arrhythmia (data not shown). Krabbe patients with E130K mutation manifest signs of autonomic dysfunction including bradycardia and dysphagia, as well as multiple cranial nerve enhancements on MRI (Mirella Filocamo, personal communication). Understanding why twi-5J die sooner than twitcher will be Our data are consistent with recent observations in twitcher indicating the presence of CNS inflammation early in the course of disease progression and preceding onset of demyelination (46, 47) . The presence of large macrophages in the forebrain and spinal cord of twi-5J is also consistent with globoid cell accumulation in Krabbe patients (25) . Widespread CNS inflammation and gliosis without significant demyelination at the terminal stage of disease in twi-5J indicates that CNS myelin loss may be secondary and relatively late event in disease progression and not the primary mechanism for macrophage activation and accumulation as previously hypothesized (48) . Recent observations in twitcher brain show the elevation of several pro-inflammatory cytokines including Tnfa, Ccl2 and Cxcl10 Schematic comparing characteristics of disease progression between twi-5J and twitcher in the CNS and PNS. In the forebrain, axonal pathology is observed in twi-5J but not in twitcher. In contrast, significant axonal pathology is not detected in the spinal cord of twi-5J. The twi-5J sciatic nerve exhibits early perturbation in myelination, normalization of g-ratios and MBP expression by P15, and severe dysmyelination by P25. Inflammatory cytokine progression in the spinal cord and sciatic nerve has not been examined in twitcher (56, 70) . A comparison of psychosine accumulation is presented in Figure 10 .
Human Molecular Genetics, 2013, Vol. 22, No. 17 3409 at P2 and P20, but not P10, suggesting an unexplained biphasic regulation of inflammation in the CNS in advance of demyelination (46, 47) . With our analysis, we sought to extend these findings by examining both pro-and anti-inflammatory cytokines in various regions of the nervous system as they correlate with neuropathology. Although IL-1b has detrimental effects on cell viability, LIF has been reported as protective of neuron and oligodendrocytes in a demyelinating disease mouse model (49, 50) . While IL-1b was significantly elevated in both CNS and PNS of twi-5J by P25, only the CNS had a significant and robust increase in LIF expression. Correspondingly, the CNS showed relative preservation of axons and myelin when compared with the PNS. These data suggest the intriguing possibility that competing cytokine action in immune regulation could determine severity of axonopathy and myelin loss in Krabbe disease. Our findings further support the notion that CNS inflammation may play a critical role in disease progression independent of myelin loss (46, 50) . Our identification of the causative mutation in twi-5J should be useful in uncovering the molecular mechanisms underlying a subset of infantile forms of Krabbe disease. The disparity between psychosine levels and demyelination in twi-5J challenges the longstanding concept that elevated levels of psychosine underlie the pathophysiological progression of Krabbe disease. Twi-5J could become an important mouse model of Krabbe disease for evaluating the effectiveness of therapeutics, such as stem cell or glial transplantation, gene therapy or drug screening.
MATERIALS AND METHODS
Mice
All procedures at JAX, UCSF or OHSU were approved by Institutional Animal Care and Use Committees (JAX comprehensive protocol #99066; UCSF protocol number AN081844; OHSU protocol number IS1153). The mutant strain (BXD32/ TyJ-Galc twi-5J
, twitcher 5 Jackson, referred to as twi-5J) is available from JAX (Stock Number: JR003613).
Immunohistochemistry
Twi-5J and control littermate mice were perfused with phosphate buffered saline followed by 4% paraformaldehyde; tissues were dissected out, and forebrain and brainstem sectioned at 50 mm on a Leica Vibratome and spinal cord and sciatic nerves were cryopreserved in O.C.T. compound (and sectioned at 20 mm on a Leica Cryostat. Antibodies used were: anti-GFAP (anti-rabbit, Chemicon), anti-MBP (anti-rat MBP, Millipore) or anti-Iba-1 (anti-rabbit, Wako Pure Chemicals). We examined histopathology at ages 7 days (three twi-5J, 1 heterozygote, three wild-type), P15 (three twi-5J, three wild-type), P21 -P25 (nine twi-5J, nine wild-type controls).
Electron microscopy
Twi-5J and wild-type littermates (n ¼ 3 for each) were perfused at P7, P15 and P25 with 0.1 M phosphate buffer followed by 2.0% paraformaldehyde/2.5% glutaraldehyde in 0.1 M phosphate buffer. The brain, spinal cord, brainstem and sciatic nerves were isolated, and 1 mm blocks were post-fixed in 1.5% glutaraldehyde/1.5% paraformaldehyde in 0.1 M Sodium cacodylate buffer, pH 7.4 with 0.05 M sucrose and 0.25% CaCl 2 for 160 min. Tissue was then processed for EM in a Pelco BioWave through a series of solutions including sodium cacodylate buffer, osmium tetroxide and uranyl acetate before embedding in spur:epon. 700 nm sections were cut and stained with toluidine blue to evaluate tissue integrity and orientation. Ultrathin (70 nm) sections were then cut and counterstained with uranyl acetate and lead citrate. EM images were captured on a FEI Technai G2 12 Biotwin at 80 kV. Quantification of axon numbers and size between three wild-type and twi-5J agematched pairs was performed on digital EM or toluidine blue images using ImageJ. Mean size, axonal distribution and Gaussian curves were calculated using Prism5 (GraphPad Software, Inc.). A total of 8720 myelinated axons were counted from toluidine blue-stained sciatic nerves. 762, 1161, 1158 nerves were quantified on corpus callosum, spinal cord and sciatic nerve EM digital images, respectively. Statistical significance was tested using the unpaired t-test, Fisher's exact t-test or the unpaired t-test with Welch's correction where appropriate.
twi-5J mutation identification
For genetic mapping of the new mutation, ovaries from twi-5J females were transplanted into histocompatible hosts and bred to CAST/EiJ males; the obligate heterozygous F1s were intercrossed and affected F2 progeny genotyped by PCR for DNA markers on all chromosomes. Genotyping DNA from affected progeny showed that the mutation was located on Chromosome 12 between D12Mit6 and D12Mit262 (51). As the twitcher mutation is located in this region, we performed a direct genetic non-complementation test with the original twitcher mutation. A heterozygous twi-5J male was mated to a heterozygous twitcher female producing 15 offspring in 2 l, of which five progeny exhibited the twitcher phenotype indicating that twi-5J is a twitcher allele.
Heterozygous twi-5J mice were bred to produce twi-5J offspring and unaffected mice. By 18 days of age, twi-5J are distinguishable from unaffected mice by body size and tremors. Genomic DNA was isolated from tail-tip biopsies of control and twi-5J mice, and the GALC exons were sequenced by the Genomic Core Facility at UCSF. One non-synonymous variation was identified in exon 4 of twi-5J animals.
Allele specific-PCR genotyping
To genotype the twi-5J animals, we developed an allele-specific PCR strategy based on an amplification refractory mutation system (52) . Allele-specific primers were designed using the BatchPrimer3 program and produce a PCR product 160 bp (53) . GALC-388G: 
Site-directed mutagenesis
Full-length mouse Galc coding sequence was isolated by PCR from pYX-Asc GALC purchased from Open Biosystems ′ . The twi-5J nucleotide is emphasized. The pENTR-mGALC-E130K plasmid was sequenced to confirm only the expected nucleotide was changed. Both pENTR-mGALC and pENTR-mGALC-E130K were transferred into a mammalian expression Gateway destination (pCMV-myctag-Dest) vector using LR Clonase II (Invitrogen).
GALC activity
Histochemistry COS-7 cells were transiently transfected using Fugene6 (Promega) with expression constructs for GFP (to control for transfection efficiency) and GALC or GALC-G388A. Forty-eight hours after transfection, the cells were fixed with 2% PFA and a modified X-Gal histochemistry for GALC enzymatic activity was performed as described (18) . Cells were washed 3x with PBS, equilibrated for 15 min in 50 mM citrate/phosphate buffer (pH 4.0) and then equilibrated 15 min in 5 mg/ml taurodeoxycholic acid and 5 mg/ml oleic acid in citrate/phosphate buffer. Cells were incubated for 2 h in 2 mg/ml X-Gal staining solution containing 5 mg/ml taurodeoxycholic acid, 5 mg/ml oleic acid and 5 mM potassium ferrocyanide and ferricyanide in citrate/phosphate buffer at 378C. The reaction was stopped by washing the cells 3x in PBS before mounting onto glass slides using CC mount. Expression of GALC and GALC-E130K was verified by western blot.
Cellular activity
To quantify cellular GALC enzymatic activity from cell or brain extracts, we used a previously described assay (19) . Cells were harvested in ice cold PBS, centrifuged at 300g, washed in PBS, and pelleted by centrifugation at 13 400g. Cell pellets were stored at 2808C until processed for GALC activity. Cell pellets were suspended in ice cold 10 mM sodium phosphate buffer pH 6.0 (1 × 10 cm plate of cells/1.5 ml buffer), containing 0.1% (vol/vol) Nonidet NP-40, and subjected to sonication of 3 × 15 s pulses at 18 W, followed by incubation for 1 h at 48C. For brain extracts, control and twi-5J animals were euthanized by CO 2 asphyxiation according to IACUC guidelines. The brains were dissected from the skull and then hemisected. Each hemisphere was flash frozen on liquid nitrogen and then stored at 2808C until processed for GALC activity. Tissues were homogenized with an Elveheim type homogenizer in 10 mM sodium phosphate buffer pH 6.0 ( 5 mg tissue/mL buffer) with 0.1% (vol/vol) Nonidet NP-40 and then subjected to three rounds of sonication. After 1 h on ice, brain lysates were aliquoted into Eppendorf microcentrifuge tubes and centrifuged at 13 400g for 10 min. We used supernatants as tissue extracts for biochemical analyses. All procedures were carried out at 48C. We measured protein content of cell and brain extracts using the Bio-Rad Bradford Protein Assay kit with bovine serum albumin as the reference standard.
We performed the GALC enzymatic assay by mixing 15 mg protein extract with 100 ml of reaction solution containing 1.5 mM 4-methylumbelliferone-b-galactopyranoside (MUGAL, Sigma, M1633) substrate and 11 mM AgNO 3 resuspended in 0.1 M citrate/0.2 M phosphate buffer, pH 4.0. Reactions were incubated 30 min at 378C and then stopped with 0.2 M glycine/NaOH, pH 10.6. We measured fluorescence (IF) of liberated 4-methylumbelliferone (4-MU) using a SpectraMax M2 spectrofluorometer (l ex 365 nm, l em 445 nm). Activity (nmols/min) was calculated as: IF of sample * f * final sample dilution 4 time (min). f is calculated from a standard 4-MU (Sigma, M1381) curve equal to [4-MU]/IF MU. All assays were done in triplicate using three independent samples and reported as mean + SD. Significance between experimental groups was calculated using ANOVA or Student's t-test using GraphPad Prism 4.0.
Measurement of psychosine concentration
The cortical hemispheres, spinal cord, brainstem (not including midbrain) and sciatic nerves of three twi-5J and three wild-type littermates at P15 and P23 were isolated and snap frozen on dry ice. Tissues were homogenized in cold water using a Polytron homogenizer (IKA T8.10, Werke) (cerebrum and brainstem) or disaggregated by ultrasound (10 s intervals, Sonics Vibra Cell) (cords and nerves). Protein concentration was determined using the Bradford Assay. Homogenates were extracted with 2 ml chloroform-methanol (2:1), filtered and dried under nitrogen in a 428C water bath. Dried extracts were re-suspended in 2 ml of methanol and applied to activated LC-SCX SPE columns for solid phase extraction (Supelco, PA, USA). Columns were rinsed as described (54) . Lipids were released by elution with methanol:0.4 M calcium chloride (3:1). Eluates were applied to C18 Bond Elut columns (Agilent Technologies). Psychosine was eluted with 7.5 ml of chloroform-methanol 1:2, dried and re-suspended in methanol containing 5 mM ammonium formate. Lyso-lactosylceramide (Matreya, PA, USA) was added as internal reference to all samples prior to extraction. Psychosine was quantified by HPLC tandem mass spectrometry (LC/MS/MS). Samples were first passed through a Shimadzu Shimpak VP-ODS-C18 reverse phase 4.5 × 150 mm for HPLC, followed by triple quadrupole mass spectrometry with a Shimadzu LCMS-8030 spectrometer. Analyte concentrations were normalized to protein concentration.
Quantitative PCR
Total RNA was isolated from flash frozen P7, P15 and P25 wildtype and twi-5 tissue (n ¼ 3 each) using the RNeasy Mini Lipid Kit (Qiagen) and converted to cDNA using the Taqman Reverse Transcription reagent (Applied Biosystems). Quantitative PCR for LIF1 and IL-1b was performed using Taqman probes Mm00434761_m1 for LIF1 and Mm01336189_m1 for IL-1b as described (55) . The average dCt was computed for each sample relative to endogenous 18S, and the relative quantity of LIF1 and IL-1b gene expression was calculated from the dCt. The fold change in relative quantity of LIF1 and IL-1b expression was calculated as the ratio of relative quantity between twi-5J to wild-type.
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Western blot
Brain and cell extracts were separated by SDS -PAGE and transferred to BioTrace PVDF membrane (Pall Life Sciences), immunoblotted with GALC antibody (CL1021AP, 1:1000, chicken anti-GALC provided by Chris and Elizabeth Eckman, Atlantic Neonatal Research Institute) (10) or rat anti-MBP (Millipore, 1:3000) and detected using ECL (Amersham Biosciences). After detection, blots were extensively washed and blotted with mouse anti-beta-actin (Chemicon MAB3408, 1:10 000). Blots were digitized using a FujiFilm LAS-4000 and quantified using ImageJ. Samples from three independent sets of experiments were standardized to beta-actin and averaged. Significance (P , 0.05) between experimental groups was calculated using unpaired, two-tailed t-test or ANOVA by GraphPad Prism5.
